I. INTRODUCTION
Many biological processes in the cell involve biological membranes, 1 which are complex multi-component systems composed of a double layer of lipids, the so-called lipid bilayer, where molecules such as proteins are embedded or attached. The molecular distribution in the two bilayer leaflets of biological membranes is asymmetric, which add to the complexity of such biosystems. Differently from a soft material such as a vulcanized rubber sheet, which is held together by covalent cross-links, biomembranes are soft biological materials, whose molecular components are individually held together by covalent bonds, but whose overall structure is maintained by weaker interactions, such as those due to hydrogen bonds and van der Waals forces. This guaranties that molecules are mobile within the membrane plane, hence allowing biochemical functions to occur. From the soft materials point of view, biomembranes are then viewed as two-dimensional fluids. 2 In an aqueous solution, lipids extracted from biomembranes can spontaneously self-assemble into lipid bilayer systems. Reconstituted few-component systems, such as lamellar stacks, giant unilamellar/multilamellar vesicles, black lipid membranes, and supported lipid bilayers (SLBs), have thus been used as model biomimetic systems for understanding the physical and physico-chemical properties of biological membranes. 3 SLBs are systems made of lipid bilayers that are a) Email: mlaradji@memphis.edu typically supported by SiO 2 , glass, quartz, or mica substrates. 4 SLBs were introduced in the 1980s to investigate interactions between cells and lipid bilayers. 5, 6 SLBs are prepared either by vesicle fusion, 7 Langmuir-Blodgett/Langmuir-Schaefer deposition, 8 or by the solvent assisted lipid bilayer method. 9 One of the advantages of using SLBs instead of giant unilamellar vesicles is that their preparation is relatively simpler and can be well characterized using surface-sensitive techniques, such as atomic force microscopy (AFM), [10] [11] [12] [13] neutron reflection, 14 and epifluorescence microscopy, 7 which allow to study their in-plane morphology, thermodynamics, and their transbilayer asymmetry. Another advantage of using SLBs as models for biomembranes is that they can become asymmetric due to the interaction with the substrate. 15 However, because the aqueous film that separates the SLB from the substrate is thin (with a thickness typically between 0.5 and 2 nm), one would expect that the interaction with the substrate induces phase changes in the SLB that may not occur if the equivalent (composition wise) bilayer was not supported. Indeed, the physical properties of SLBs differ from those of free standing membranes or giant unilamellar vesicles. [15] [16] [17] [18] Several experimental studies, mostly based on AFM, were performed to investigate the phase behavior of SLBs 10, 12, 13, 15, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] as a function of temperature, for different lipid species, substrates, and sample preparation conditions, as described in a recent review by Alessandrini and Facci. 29 Some of these experimental studies have shown that the two leaflets of the bilayer may undergo a gel-fluid phase change at two different temperatures, with the melting temperature of the proximal leaflet, T (m) p , being slightly higher than that of the distal leaflet, T
(m) d
, where the proximal and distal leaflets refer to those nearest and farthest to the substrate, respectively. 12, 13, 22, 24, 25 In contrast, other studies have shown that both proximal and distal leaflets melt at the same temperature. 13, 21, 23, [26] [27] [28] 30 Regarding sample preparation effects, Seeger et al. 27 showed that the incubation temperature of the sample affects the phase behavior of 1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine (POPE) bilayers prepared by vesicles fusion on mica substrates. They found that the phase change of the distal and proximal leaflets is decoupled if the fusion is performed below the melting temperature of the vesicles. However, they found that the melting temperatures of the two leaflets are identical, if the fusion of the vesicles is performed above the melting temperature of the vesicles. 27 In a subsequent study, Seeger et al. 28 showed that, in the case of SLBs prepared from vesicles fusion on SiO 2 substrates, both leaflets undergo a phase change at the same temperature, regardless of the temperature at which the vesicle fusion is performed.
More recently, Ramkaran and Badia 10 used AFM to investigate the effects of the phase state and molecular density of the Langmuir monolayers on the melting behavior of micasupported 1,2-dipalmytoyl-sn-3-phosphocoline (DPPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocoline (DMPC) bilayers. The Langmuir monolayers were deposited on the substrate by the Langmuir-Blodgett and Langmuir-Schaefer technique. They found that the temperature at which the LangmuirBlodgett and Langmuir-Schaefer lipid monolayers are transferred plays an important role on the melting behavior of each SLB's monolayer. In particular, they found that
, and that the difference T
increases with increasing the temperature at which the Langmuir films are transferred to the mica substrate. Furthermore, by analyzing the surface area fraction of the gel-phase as a function of temperature, they observed that the width of the transition region of both monolayers was broader than that of the corresponding unsupported systems (i.e., multilamellar lipid vesicles), and that the width related to the distal leaflet was broader than that of the proximal leaflet. It is noteworthy to add that they observed that, at low temperatures, the amount of defects (attributable to holes, depressions, and cracks) in the SLBs increases with increasing the temperature at which the Langmuir films are transferred. 10 As spontaneous transbilayer diffusion, the so-called flip-flop, of phospholipids is energetically unfavorable, [31] [32] [33] SLB defects such as pores might mediate the lipid lateral diffusion from the distal to the proximal leaflet and therefore contribute to the lipid density difference, hence an imbalance between the two leaflets. Regarding the pores hypothesis, this was recently considered by Marquardt et al. 34 to explain the huge difference in DPPC's flip-flop rate between DPPC large unilamellar vesicles and SLBs. In regard to the lipid density difference, molecular dynamics simulations on a coarse-grained model 35 have indeed shown that due to the effect of the substrate on the bilayer, there occurs an imbalance in the lipid density between the two leaflets, with the lipid density of the proximal leaflet being higher than that of the distal leaflet. However, experimental evidence of an imbalance in the lipid density of the two leaflets is lacking. 10, 13, 27 Whether the decoupling in the melting behaviors of the two leaflets results, as well, in different transport properties of the two leaflets was also the subject of several investigations. Several groups found the same lipid diffusivities in the distal and proximal leaflets 26, [36] [37] [38] in the case of SLBs supported by glass substrates. In contrast, others found that, in the case of SLBs on mica, the diffusivity of the lipids in the proximal leaflet is lower than that of the distal leaflet. 26, 39, 40 Several computational studies have been performed to investigate SLBs via molecular dynamics 35, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] and Monte Carlo simulations, 51 but the effect of solid substrates on the thermodynamic properties of lipid bilayers has not been investigated through numerical simulations. To our knowledge, no theoretical study has been performed to investigate the effect of solid substrates on the structural properties and phase behavior of lipid bilayers. A somewhat related theoretical study, by Loverde et al., 52 of the phase behavior of two-component mixtures of oppositely charged particles that are adsorbed to a charge-neutral surface had shown that the surface leads to a rich phase behavior of the binary mixture.
In this article, we present a study which shows that, depending on the strength of the bilayer interaction, the substrate may lead to an asymmetric lipid distribution in the two leaflets, with a lipid density of the proximal leaflet that is higher than that of the distal leaflet. Furthermore, our study indicates that, although the melting transition temperature of each bilayer leaflet is only slightly affected by the strength of the bilayer interaction, this interaction affects the overall thermodynamics of the bilayer, as tracked from quantities such as internal energy and order parameter, which is mainly dominated by the proximal leaflet. In particular, we found that the translational order parameter of the proximal leaflet exhibits an abrupt transition for all considered values of the bilayer interaction, while that of the distal leaflet exhibits an abrupt transition only at low values of the interaction. However, for high values of the bilayer interaction, the order parameter of the distal leaflet only gradually increases with lowering temperature. At low temperatures and for all lipid-substrate interactions which we considered, the proximal leaflet is homogenous and in the gel phase. In contrast, the distal leaflet is inhomogeneous at low temperatures and consists of coexisting gel and fluid domains (although these do not necessarily constitute two-phase coexistence in the thermodynamic sense). The average size of the gel domains decreases with increasing the lipids interaction strength. The asymmetric behavior of the two leaflets is due to the translocation of lipids from the distal leaflet to the proximal leaflet, thereby leading to an imbalance in the lipid densities of the two leaflets.
In Section II, the model and method are presented. Results of the simulations are reported in Section III, and finally, a summary and conclusion of the study are presented in Section IV.
II. MODEL AND METHOD
To investigate the effect of solid substrates on the thermodynamics of lipid bilayers, we used a coarse-grained implicit-solvent model that we previously adopted to study biomimetic membranes. 53, 54 Apart from being computationally more advantageous, using an implicit-solvent model, rather than an explicit one, offers the advantage of controlling the strength of the substrate-lipid interaction. The strength depends on the thickness of the thin solvent film that is present between the lipid bilayer and the substrate. However, this thickness is not known and, in experiments, the presence of edges and pores may facilitate the transport of the solvent from this layer to the bulk. The transport process is not allowed in simulations, unless pores are artificially built in the model. Also, in implicit-solvent simulations, the thickness of the solvent film can vary arbitrarily, thereby affecting the strength of substrate-lipid interaction. Therefore, one would expect that the SLBs thermodynamics, as derived from an explicit-solvent model, depends on the thickness of the solvent film.
According to the considered model, lipid molecules are coarse-grained into short semi-flexible chains composed of three beads, one hydrophilic (h) followed by two hydrophobic (t). As the solvent, i.e., water, is not explicitly modeled, the self-assembly of the lipid molecules is achieved by making the interactions between the hydrophobic tail-beads of the lipids attractive. The potential energy of the lipid bilayer has three contributions as follows:
where r i describes the position of bead i, and r ij = |r i r j |. For each type of bead i, α i = h or t for a lipid head bead or a tail bead, respectively. In Eq. (1), U
is a soft two-body potential between two beads i and j and is given by,
where U < 0 in order to produce stable self-assembled lipid bilayers. 54 r m 1 nm and is used as the scale of length in this work. r c is the cutoff of the potential energy set to 2r m . The interaction potential between lipid tail beads is shown in Fig. 1 of Ref. 53 . We note that this implicit-solvent model predicts values of the bending modulus that are inline with experimental values. In particular, for the specific parameters used in the present study, the bending modulus of the bilayer in the fluid phase is κ 34k B T . Furthermore, the value of lateral tension needed to produce lysis of the membrane is about 20 /r 2 m ≈ 20 mN/m, in agreement for the lysis tension for giant unilamellar vesicles, which is about 10 mN/m. 55 The interaction between a lipid bead and an element of area of the substrate, δa, is assumed to have the same form as that in Eq. (2), i.e.,
where ζ is the beads number area density of the substrate. Here, we consider the case of a hydrophilic substrate that interacts attractively with the lipid head groups, but repulsively with the tail groups. We thus take U st min = 0 and U sh min = −E < 0. The net potential energy between a lipid bead and the substrate obtained by integrating Eq. (3) is then given by
The strength of the substrate-bilayer interaction is defined as E = |U sh min |. The soft nature of the potential energy between lipid beads and the substrate allows for reasonably large time steps and therefore a systematic investigation over a wide range of temperature and E. Furthermore, by selecting relatively large values of U sα max , beads are completely prevented from crossing the substrate surface, located at z = 0.
Consecutive beads that belong to the same lipid chain are bonded with each other through U bond in Eq. (1) given by
where k bond is the bond stiffness coefficient and a b is the preferred bond length. The last term in Eq. (1), U bend , is a threebody potential, which provides stiffness to lipid molecules and is given by,
where k bend is the bending stiffness coefficient and θ 0 is the preferred splay angle. Here, we take θ 0 = 180 o . Values of the interaction parameters used in the model are
In the simulations, beads are moved using a molecular dynamics scheme with a Langevin thermostat 56
where m is the mass of a single bead (same for all beads), Γ is a bead's friction coefficient, and σΞ i (t) is a random force due to the heat bath, with the random vector, Ξ i (t), obeying
with µ, ν = x, y, or z. To achieve thermal equilibrium, Γ and σ are inter-related through the fluctuation-dissipation theorem leading to Γ = σ 2 /2k B T . The simulations are performed in the NVT Σ ensemble, where N is the total number of beads in the system, V = L x L y L z is the system volume, and Σ is the lateral tension of the bilayer. Changes in the lateral size of the system are performed using the Metropolis Monte Carlo approach 57 with an effective Hamiltonian,
where A p = L x L y is the projected area of the bilayer with the constraint L x = L y and the bilayer is parallel to the xyplane. We note that unlike a Langmuir-Blodget film at a water/air interface or a closed vesicle, the control or measurement of the lateral tension of a supported lipid bilayer is very challenging. Hence, we opted for simulations of tensionless SLBs. During a single time step, the equations of motion of all beads are integrated using the velocity-Verlet algorithm 58 
The acceptance or rejection of this attempt is performed using the standard Metropolis criterion with the effective Hamiltonian in Eq. (11) . All simulations are performed with periodic boundary conditions along the xy-plane on bilayers composed of 3000 lipid chains. We have used a time step ∆t = 0.01τ.
III. RESULTS
The phase behavior of the supported bilayer is investigated by analyzing the internal energy of the bilayer, E, and the translational order parameter, Ψ, as a function of temperature and strength of the substrate-bilayer interaction. Ψ is defined as
where δ k,l is the Kronecker delta, and α = p or d for the proximal or distal leaflet, respectively. N α is the number of lipid chains in leaflet α and n i is the number of nearest neighbor chains of chain i, along the xy-plane. Projected centers of mass of the chains on the xy-plane are used and the number of nearest neighbors is determined using a Voronoi construction. A lipid is considered in the gel phase when the number of its nearest neighbors is equal to six. Before presenting the results for the internal energy and chain order parameter of the SLBs, snapshots of equilibrium configurations of the proximal and distal leaflets at different temperatures, and for different values of the substrate-bilayer interaction strength, E, are shown in Fig. 1 , where lipid chains with high values of the order parameter are shown in blue, and chains with low values of the order parameter are shown in red. The labels p and d stand for the proximal and distal leaflet, respectively. The behaviors of the two leaflets in the absence of a substrate (E = 0) are identical in average, as expected, with high order at low temperatures and low order at high temperature (hence only one leaflet is shown). The behaviors of the two leaflets for finite values of E > 0 are clearly different, with the proximal leaflet exhibiting higher order than the distal leaflet at all temperatures. This figure also shows that the proximal leaflet for E > 0 is mainly homogeneous, with a behavior that is very similar to that in the absence of a substrate. In contrast, the distal leaflet is inhomogeneous at low temperatures, with clear gel and fluid domains. Furthermore, Fig. 1 suggests that the average size of the fluid domains increases with increasing E at a given temperature below the melting transition of the proximal leaflet. The average area fraction of the fluid domains is shown in Fig. 2 as a function of temperature, and for different values of the adhesion strength, E. This figure indicates that the area of the fluid domains decreases with decreasing temperature for both leaflets regardless of the value of E. It also shows that at a given T and E, the relative amount of fluid phase is larger in the distal leaflet than the proximal leaflet. Furthermore, for a given temperature, this figure shows that the amount of fluid phase in the distal leaflet increases with increasing E, in agreement with what the snapshots of Fig. 1 suggest.
The average size of both gel and fluid domains is calculated from the cluster size distribution and is shown in Fig. 3 as a function of E at k B T = 2 . This figure shows again that the size of the fluid domains increases with increasing E, in agreement with Fig. 1 . From the snapshots in Fig. 1 , it appears that below the melting point and for low values of E, the fluid domains in the distal leaflet are elongated (e.g., see snapshot d for E = 2 × 10 −4 at k B T = 2.09 ). In contrast, at high values of E, the gel domains are compact (e.g., see snapshot d for E = 8 × 10 −4 at k B T = 2.09 ). In order to quantify this, we calculated a distortion parameter defined as L/R, where L and R are the average interfacial length and linear domain size, respectively. This is depicted in the inset of Fig. 3 , which shows that for E = 2 × 10 −4 , L/R 8 for the fluid domains. In contrast, at E = 8 × 10 −4 , L/R 3.5 for the gel domains, which implies that while the fluid domains tend to be elongated, the gel domains tend to be compact, in accord with what the low temperature snapshots of Fig. 1 suggest.
The internal energy of the SLBs, per lipid chain, vs temperature, and for different values of E ranging between 0 and 8 × 10 −4 is shown in Fig. 4 . The melting temperature, T m , determined from the internal energy, is shown as a function of E in Fig. 5 . This figure indicates that for relatively low values of substrate-bilayer interaction strength, E 2 × 10 −4 , the melting temperature remains unaffected but further decreases with the increase of E. However, it is noted that the change in the melting transition is relatively weak and does not exceed 1.5%. Fig. 4 also shows that the melting transition is weak for the highest considered substrate-bilayer interaction strength,
The bilayer's projected area, A, vs temperature is shown in Fig. 6 for different values of the substrate-bilayer interaction strength, E. It can be seen that, except for E = 8 × 10 −4 , the bilayer undergoes compression with decreasing temperature, and that a sharp change in the projected area occurs at the same melting temperature as seen in Fig. 4 . Similarly to what happens to the internal energy, the change in A at the melting temperature decreases with increasing E, implying a weakening of the transition, and completely disappears at E = 8 × 10 −4 . Below the melting temperature, A increases with increasing E. However, above the melting transition, A changes non-monotonically with E.
To understand what happens to the two leaflets of the SLB, the lipid average densities of the proximal leaflet (solid lines) and distal leaflet (dashed lines) are shown in Fig. 7 as a function of temperature, and for different values of E. For all temperatures, the lipid density of the proximal leaflet increases with increasing E, whereas that of the distal leaflet decreases with increasing E. From Figs. 6 and 7, we can infer that two competing effects are in play here as follows: (1) A decrease in the area per lipid in the proximal leaflet with increasing E, which tends to decrease the bilayers area and (2) which tends to increase the bilayer's area. The increase of A with increasing E, at a given temperature, implies that the lipids transbilayer migration from the distal to proximal leaflet is stronger than the effect due to the increase in the lipid density of the proximal leaflet. A consequence of the decrease in the lipid density of the distal leaflet is that the number of lipids present in it becomes too small to have a monolayer where all lipids are in the gel phase at low temperatures. As a result, and as illustrated by the configurations of the distal leaflet below the melting point in Fig. 1 , for E > 0, only a fraction of the lipids undergo a phase transition to the gel phase, while others remain in the fluid phase, such as the leaflet is completely covered by lipids. This is in agreement with the recent experimental findings of Ramkaran and Badia 10 (see low temperature AFM images in Figs. 2 and 3 of Ref. 10 ). Fig. 8 shows the order parameters of the proximal and distal leaflets (solid and dashed lines, respectively) as a function of temperature, and for different values of E, as calculated using Eq. (12) . It can be seen that for any value of E > 0, the order parameter of the proximal leaflet is always higher than that of the distal leaflet. This is expected since the lipid density of the proximal leaflet is always higher than that of the distal leaflet for E > 0, cf. Fig. 7 . Fig. 8 also shows that, at low temperatures, the order parameter of the proximal leaflet is not very sensitive to the bilayer-substrate interaction, as it shows a slight decrease as E, despite the increase in the lipid density of the proximal leaflet with increasing E, cf. Fig. 7 . We attribute this to defects resulting from the lipids lateral rearrangement in the proximal leaflet. In fact, as suggested by the snapshot in Fig. 1 , in column p (E = 8 × 10 −4 ), and at k B T = 2.09 , some chains are locally ordered in a square lattice instead of a triangular lattice, which contributes to a decrease in the order parameter. Fig. 8 shows that for T > T m , the order parameter of the proximal leaflet increases with increasing E. This is inline with what the snapshots of the proximal leaflets clearly indicate (see columns p in Fig. 1) for T > T m , namely that the number of lipids in the gel state (blue chains) increases with increasing E. This is due to a decrease in the amount of chains conformations as a result of increase in the lipid density of the proximal leaflet with increasing the attraction between the substrate and the lipid head groups, cf. Fig. 7 . In contrast, for both T < T m and T > T m , the order parameter of the distal leaflet, Ψ, decreases with increasing E. Again, this behavior correlates very well with what the snapshots in Fig. 1 indicate, namely that the number of lipids in the fluid state (red chains) increases with increasing E. Fig. 8 also illustrates that for E ≤ 6 × 10 −4 , both order parameters of the proximal and distal leaflets exhibit a transition at the same temperature. For E = 8 × 10 −4 , the order parameter of the proximal leaflet exhibits a clear transition at T m ≈ 2.68 /k B . However, this is not the case for the order parameter of the distal leaflet, which gradually increases without showing an abrupt change. This is consistent with what can be seen from the snapshots of the distal leaflet for E = 8 × 10 −4 . These snapshots suggest that the distal leaflet is fairly homogeneous at k B T = 2.46 , but at temperatures well below the melting temperature of the proximal leaflet, gel domains form.
To validate the results above, we propose a simple mean field theory based on the Bragg-Williams approximation of two apposed lattices where each site can be either in a singly-degenerate gel state or a multiply degenerate fluid state. [59] [60] [61] According to this theory, the numbers of lipids in the distal leaflet, N d , and proximal leaflet, N p , are not constant, but the total number of lipids in the bilayer, N = N d + N p , is constant. The free energy per lipid of this model can then be written as
where φ d and φ p are the fractions of lipids in the fluid state in the distal and proximal leaflets, respectively, and
is the fraction of lipids in the distal leaflet. In Eq. (13), χ represents the strength of interaction between lipids in the same leaflet and cpl is the strength of interaction between lipids belonging to apposing leaflets. ad is the adhesion energy, which is negative. g and f are the intramolecular energies of a lipid in the gel and fluid states, respectively. D f in the degeneracy of a lipid in the fluid state. We assume that the degeneracy of a lipid in the gel phase is D g = 1.
The model assumes that the lateral area of a lipid in the fluid state, a f , is higher than that in the gel state, a g . Since the areas of the distal and proximal leaflets are equal, x is related to φ d and φ p through
whereã f = a f /a g . The free energy, in Eq. (13), is then minimized with respect to φ d , φ p , and x for different temperatures and different values of the adhesion strength, ad . We considered the case where cpl = 0.3 χ, g = 0, f = 2 χ, D f = 1000, and a f = 1.65. We note that changing these values only affects the details, but not the overall behavior of the calculated functions.
The area fraction of the lipids in the fluid phase defined Fig. 9 as a function of reduced temperature, k B T/ χ for different values of the adhesion strength ranging between 0 and 0.4 χ. Despite the simplicity of the mean field description above, Fig. 9 is in good qualitative agreement with our simulation results, particularly with Fig. 2 , namely that the area fraction of lipids in the fluid state is higher in the distal leaflet than the proximal leaflet. Furthermore, the melting transitions of the two leaflets occur at the same temperature for low values of adhesion strength. However, at high adhesion strength, a decoupling between the melting transitions of the two leaflets is observed. The theory also predicts that for low values of adhesion strength, the melting transition increases with increasing ad for low adhesion strength, in qualitative agreement with our simulate results.
The recent study of Ramkaran and Badia 10 showed that the phase behavior of both DPPC and DMPC SLBs on mica depends on the temperature, T Lang , at which the Langmuir monolayers are transferred to the substrate. For high T Lang , the formed SLB exhibits pore-like defects at low temperatures, and the order parameter of the distal leaflet is much lower than that of the proximal leaflet. In contrast, for low T Lang , i.e., when the transferred Langmuir monolayers are in the condensed phase, the amount of pores in the SLB at low temperatures is low, and the difference between the order parameters of the two leaflets is relatively low. We argue that the pore-like structures mediate lipid transfer from the distal leaflet to the proximal leaflet via their lateral diffusion and therefore allow for a greater density imbalance between the two leaflets leading to a weaker phase change of the distal leaflet than the proximal leaflet. In contrast, when the pores are almost absent, which is the case for low T Lang , an increase in the lipid density of the proximal leaflet should be mainly due to induced lipid flip-flop. Hence, a reduced density imbalance in this case is expected, due to the low rate of lipid flip-flops, leading to a smaller difference in the order parameter of the two leaflets. The behavior of the order parameter in our simulation at E = 8×10 −4 bares strong similarity with that of DMPC at T Lang = 25 • C in Ref. 10 .
In order to substantiate our argument, we performed a simulation for E = 8 × 10 −4 , while suppressing the possibility of lipid flip-flop. This is done by making the interaction between tail beads of one leaflet and head beads of the apposing leaflet (as described by Eq. (3)), more repulsive, namely, by choosing U ht max = 400 when h and t belong to apposing leaflets, and U ht max = 100 when head and tail beads belong to the same leaflet. Fig. 10 shows that, in this case, the two leaflets behave almost identically despite the strong attractive interaction between the head groups of the proximal leaflet and the substrate. This implies that the strong difference in the order parameters of the distal and proximal leaflets for E > 0 is primarily due to an imbalance in the lipid density of the two leaflets, which is caused by the substrate-driven transbilayer migration from the distal to proximal leaflet.
We found that the effect caused by the substrate manifests, too, in the behavior of the lipid diffusion coefficients of the distal leaflet, D d , and proximal leaflet, D p . These were calculated using Einstein's relation,
where that lipids that underwent flip-flop were excluded from the diffusion calculation. As seen in Fig. 11, D d and D p increase with increasing temperature, as expected, and for E 6 × 10 −4 , both D d and D p exhibit an abrupt change at the melting transition. An abrupt change in diffusivity was observed in DPPC bilayers both experimentally 62 and by molecular dynamics simulations. 63 However, for E = 8 × 10 −4 , while D p abruptly changes at the melting temperature of the proximal leaflet, the distal leaflet exhibits a continuous change in a way similar to the order parameter of the distal leaflet. Furthermore, whereas the diffusivity of the lipids in the proximal leaflet is almost zero for all values of E, the diffusivity of the lipids in the distal leaflet is finite at low temperatures for E > 2 × 10 −4 . This is due to the fact that a fraction of the lipids of the distal leaflet is in the fluid phase at low temperatures. The inset of Fig. 11(b) also shows that lipids in the distal leaflet have higher diffusion than those in the proximal leaflet, D d > D p for E > 0; it also shows that at temperatures above the melting temperature of the unsupported bilayer, D d slightly increases with increasing E, while D p is almost insensitive to E. Therefore, the difference between the diffusivity of the distal and proximal leaflet increases with increasing E, with a largest change (∼50%) occurring at E = 8 × 10 −4 . These results are in agreement with several earlier experimental findings. 26, [36] [37] [38] 
IV. SUMMARY AND CONCLUSION
In this article, we report the results of a systematic molecular dynamics study-based on an implicit-solvent model for lipid bilayers-of the effect of solid substrates on the phase behavior of biomimetic membranes. The outcome of our study shows that the substrate leads to a non-symmetric transbilayer lipid distribution, with a lipid density of the proximal leaflet that is higher than that of the distal leaflet. The relative difference between the densities of the proximal and distal leaflets increases with increasing the strength of the attraction between the bilayer and the substrate.
Furthermore, we found that for relatively weak substratebilayer interactions, the order parameters of both proximal and distal leaflets exhibit an abrupt transition as a function of temperature, and these transitions occur at the same temperature. However, for strong substrate-bilayer interactions, while the order parameter of the proximal leaflet undergoes an abrupt change, the distal leaflet only exhibits a gradual increase with decreasing temperature. This is in qualitative agreement with the outcome of a recent experimental study by Ramkaram and Badia, 10 who also observed a more gradual increase in the gel fraction of the distal leaflet than in the proximal leaflet. A mean field theory based on the Bragg-Williams approximation predicts results that are in good qualitative agreement with our simulation results.
The main conclusion of our study is that the anomalous phase behavior of supported lipid bilayers is due to the following: the strong attractive interaction between the substrate and the lipid head groups of the proximal leaflet causes a translocation of lipids from the distal to proximal leaflets, thereby causing a transbilayer imbalance in the lipid density. As a result of this, while the proximal leaflet undergoes an abrupt phase change, a relatively low lipid density of the distal leaflet prevents a complete gelation of the lipids, so that a fraction of the lipids in the fluid phase are still present even at low temperatures.
